Background: cognitive consequences at school age associated with prenatal methylmercury (MeHg) exposure may need to take into account nutritional and sociodemographic cofactors as well as relevant genetic polymorphisms. Methods: a subsample (n = 1,311) of the avon longitudinal Study of Parents and children (Bristol, UK) was selected, and mercury (Hg) concentrations were measured in freeze-dried umbilical cord tissue as a measure of MeHg exposure. a total of 1135 children had available data on 247 single-nucleotide polymorphisms (SnPs) within relevant genes, as well as the Wechsler intelligence Scale for children intelligence Quotient (iQ) scores at age 8 years. Multivariate regression models were used to assess the associations between MeHg exposure and iQ and to determine possible gene-environment interactions. Results: Hg concentrations indicated low background exposures (mean = 26 ng/g, standard deviation = 13). log 10 -transformed Hg was positively associated with iQ, which attenuated after adjustment for nutritional and sociodemographic cofactors. in stratified analyses, a reverse association was found in higher social class families (for performance iQ, P value for interaction = 0.0013) among whom there was a wider range of MeHg exposure. among 40 SnPs showing nominally significant main effects, MeHg interactions were detected for rs662 (paraoxonase 1) and rs1042838 (progesterone receptor) (P < 0.05) and for rs3811647 (transferrin) and rs2049046 (brain-derived neurotrophic factor) (P < 0.10). Conclusions: in this population with a low level of MeHg exposure, there were only equivocal associations between MeHg exposure and adverse neuropsychological outcomes. Heterogeneities in several relevant genes suggest possible genetic predisposition to MeHg neurotoxicity in a substantial proportion of the population. Future studies need to address this possibility.
I n epidemiological studies of developmental neurotoxicity, the outcome, that is, cognitive function at school age, is affected by multiple genetic, dietary, and environmental factors, thus creating difficulties in assessing the magnitude of the toxic impact of a particular exposure such as methylmercury (MeHg). [1] [2] [3] [4] [5] [6] [7] [8] For this reason, an average effect detected in a particular cohort may not be representative of other populations. this article uses data from a large prospective cohort study to address three sets of issues: negative confounding, heterogeneity in the exposure range, and genetic influences on susceptibility.
confounding is often assumed to generate or exaggerate associations between the toxicant and adverse outcomes, on the assumption that multiple risk factors are associated with a toxicant exposure. However, toxicant exposures may be associated with a profile of other risk factors, some of which may be beneficial, and negative confounding can occur. 9 Human exposure to MeHg originates mainly from seafood, but dietary intake of contaminated seafood also provides essential nutrients. 1, 2, 4, 7, 9 as seafood represents an important source of n-3 fatty acids, negative confounding is possible. Several recent analyses based on Faroe and Seychelles cohort data have demonstrated an increase of adverse effects from MeHg after adjusting for these potentially beneficial factors. 1, 4, 9 Furthermore, socioeconomic factors may be more favorable in mothers who consume more fish, especially larger fish that may copyright contain higher toxicant concentrations. 7 if such negative confounding is not taken into account in the data analysis, toxicity may be underestimated. in this regard, the precision of the independent variables (both the toxicant exposure and the beneficial dietary factors and other confounders) are of importance. if the toxicant is measured with a greater imprecision than the confounder, the effect of the former will generally be biased toward the null. [9] [10] [11] Within any given population, the apparent effects of risk factors will not be evenly distributed. Studies of genetic factors in intelligence have shown the strongest effect in upper social strata, where adverse risk factors may be less important than inheritance and more evenly distributed. 12 in less advantaged population groups, both beneficial stimuli and other toxic risks may vary much more and will be difficult to adjust for, 12, 13 thereby creating statistical uncertainty and underestimation of the effect associated with the exposure under study. if ranges of exposures vary between subgroups, the statistical power to detect an effect of the neurotoxicant will also be affected. 1 a third concern is that epidemiological studies attempt to measure the average effect of an exposure in the population, thus neglecting the possible existence of more susceptible subgroups. intelligence is affected by multiple genes, 8 and it is possible that some of them may also affect MeHg metabolism or toxicity. 6 thus, several functional single-nucleotide polymorphisms (SnPs) in genes related to potential biological pathways of MeHg neurotoxicity have been identified, including those implicated in brain development, neurotransmitter metabolism, cholesterol metabolism, iron regulation, and peroxidative defense. 6, 8 all of these issues are particularly important if the neurotoxicant exposure is measured with substantial imprecision. MeHg but not inorganic mercury (Hg) may pass the placenta, 14 and analysis for total Hg in cord blood and cord tissue is therefore a valid biomarker of prenatal MeHg exposure. 15 We have addressed these issues in a subset of the avon longitudinal Study of Parents and children (alSPac) with cognitive data from age 8 years, where prenatal MeHg exposure could be determined from Hg concentrations in cord tissue. We assessed the possible impact on this association by maternal intake of essential nutrients from fish, socioeconomic strata, and genetic heterogeneities of relevant genes.
METHODS

Subject Selection
alSPac is an ongoing longitudinal cohort study designed to investigate the determinants of development, health, and disease during childhood and beyond. [16] [17] [18] Pregnant women with an expected date of delivery between 1 april 1991 and 31 December 1992, resident in the former avon health authority area in Southwest england, were eligible to participate in the study. a cohort of 14,541 pregnant women was established, resulting in 13,988 children who were alive at 12 months of age. ethical approval for the study was obtained from the alSPac law and ethics committee and the three local research-ethics committees. a subsample (n = 1,311) was selected to measure Hg concentrations in a slice of umbilical cord. the samples were selected from everyone who had available genome-Wide association Study data at that time (3,233 persons) and a cord slice sample of suitable size, thus including 1,311 subjects in total (9% of the full sample). Within this group, 1,135 children had available data on Wechsler intelligence Scale for children (WiSc-iii) scores. For the total cohort, availability of WiSc-iii score (n = 7,255, 50%) was the only study variable showing a difference between the participants (mean, 107) and nonparticipants (mean, 105). the sample size was reduced to 843 participants in the final models with covariate adjustment.
Hg Measurement
cord samples were taken by the midwife at birth and frozen at −20°c. Samples were defrosted briefly to divide the sample into several 1-cm slices and then stored at −20°c. after freeze drying the cord tissue samples, Hg was determined in duplicate using a Direct Mercury analyzer (DMa-80, Milestone, inc., ct) at the University of Southern Denmark. a specimen of about 0.5 g was weighed into a quartz boat. the sample boat was then placed in the autosampler and inserted into the quartz decomposition tube. Once the sample was completely decomposed, Hg trapped on a gold filter was rapidly released by heating the amalgamator. released Hg was measured by atomic absorption spectroscopy at 253.7 nm as a function of Hg concentration. Samples were analyzed by using a matrix-matched calibration (solid samples) curve created with various weights of certified reference material DOlt-3 (dogfish liver tissue certified reference material for trace metals; national research council, institute of environmental chemistry, Ottawa, canada) containing 3.37 ppm Hg. as calibration verification standards national institute of standard and technology (niSt SrM) 1566b (Oyster tissue) was used. the detection limit for this method is 5 ng/g. in 14 cord tissue samples run in triplicate, the average coefficient of variation was 14.5% at average concentrations between 10.7 ng/g and 164 ng/g (both dry weight).
SNP Genotyping
Polymorphisms are known to occur in genes related to four major biological pathways that are considered important to neurodevelopment or metal neurotoxicity: (1) brain development and neurotransmitter metabolism, (2) cholesterol metabolism, (3) iron regulation, and (4) peroxidative defense and other miscellaneous pathways. 6, 8 We chose 66 genes belonging to these pathways and considered of possible relevance by a systematic review of the scientific literature. all the genes selected have previously been suggested to play a role in the pathway of MeHg toxicity. 6 alSPac children were genotyped using the illumina HumanHap550 quad chip genotyping platform by 23andMe subcontracting the Welcome trust Sanger institute, cambridge, UK, and the laboratory corporation of america, Burlington, nc. Standard quality control methods were performed and have been previously described 19 resulting in a final sample of 8365 people with genotypic information. genotypic data were subsequently imputed using MacH 20 and phased haplotype data from HapMap ceU -Utah residents with northern and Western european ancestry from the cePH (centre d'etude du Polymorphisme Humain) collection (rel22). Data from genotyped and imputed SnPs (using the most likely genotype) were extracted for 247 SnPs (see table S1, http://links.lww.com/eDe/a692).
Cognitive Data
at 8 years of age, a short form of the WiSc-iii 21 was used to assess intelligence quotient (iQ). alternate items from each subtest were administered, with the exception of the coding subtest, which was administered in full. raw scores were calculated by summing individual items within each subtest but first multiplying by 2 for picture completion, information, arithmetic, vocabulary, comprehension, and picture arrangement; multiplying by 1.67 for similarities; and multiplying by 1.5 for object assembly and block design. this made the raw scores comparable with those that would have been obtained had the full test been administered (the raw score for the coding subtest was calculated in the standard way as the full subtest was administered). Using lookup tables provided in the WiSc-iii manual, age-scaled scores were obtained from the raw scores for each subtest, and total, performance, and verbal iQ scores were calculated. a total of 7,255 cohort children had complete iQ scores. the mean age at assessment was 8.5 years (standard deviation [SD] 0.3 years). 22, 23 Covariates a wide variety of factors were considered as potential confounders in the relationship between MeHg and iQ. the following variables were taken into account as obligatory covariates: sex, age at WiSc-iii assessment, and WiSc-iii examiner. Several covariates were retained in the final model because of prior knowledge that they were related to the exposure or outcome, or if they showed a relationship with MeHg in our data (P value <0.10): estimations were derived from food frequency questionnaires, such as n-3 fatty acid intake due to seafood consumption 24 and "healthy component" during pregnancy, 22 and estimated processed food intake at age of 8 years, 22 maternal age, parity, house ownership status, parental education, and social class recorded during pregnancy. We also considered other cofactors not retained in the final model, such as fatty acid measurements from maternal blood samples during pregnancy (n = 690), maternal visits to the dentist during pregnancy, a measure of parenting (Home Observation for Measurement of the environment [HOMe] scale) assessed at 18 months of age, and the number of stressful life-events experienced by the child. 22, 25 Statistical Analysis crude correlations and linear regressions were used to assess the relation between MeHg exposure and the covariates because the MeHg parameter was normally distributed after log 10 transformation. associations between MeHg and child WiSc-iii outcomes were evaluated using crude and multivariate linear regression analysis. the models adjusted for the confounder variables were rerun within social strata (three categories).
the genetic analyses initially included 236 SnPs, of which 11 SnPs were removed because of low minor allele frequency (MaF) <3% or poor imputation quality (r 2 <0.8). the SnPs were then scanned for main effects using nominally significant testing (P value ≤0.05) on child iQ outcomes and MeHg exposure. the main effects were assessed using crude linear regression models assuming an additive mode of inheritance (eg, genotypes coded as 0, 1, 2 
RESULTS
the mean (SD) of Hg concentration in umbilical cord was 26 (13) ng/g dry weight. no differences were observed in regard to sex (see table 1), age at examination (data not shown), examiner (data not shown), HOMe scale (Spearman ρ = 0.05, n = 1,266), and number of stressful life-events (ρ = 0.03, n = 1,230). Mothers with advantageous sociodemographic characteristics (high socioeconomic position and level of education, owning a house, lower parity, and more advantageous nutrition) showed higher MeHg exposure levels and higher total iQ scores of the child (table 1) . Hg concentrations were highly correlated with daily n-3 fatty acid intakes (g) from seafood (ρ = 0.46, n = 1,260), and there was also a positive correlation coefficient between Hg cord and maternal serum n-3 fatty acid concentrations (ρ = 0.26, n = 690).
Hg levels were positively associated with iQ when the models were adjusted for child sex, age, and examiner. However, positive coefficients diminished when social class and other sociodemographic covariates were included in the models. Further attenuation occurred after insertion of maternal and child nutritional variables (table 2). Because of the high correlation between MeHg and daily n-3 fatty acid intakes from sea food, we performed the statistical test variance inflation factor to assess variable collinearity in the final models. the results did not show values higher than 3 (threshold is 5).
Further analyses were performed adjusting the models by maternal red blood cell fatty acid levels (only in 45% of the total samples). Other than the loss of power with smaller sample size (n = 508), no further changes were observed (general iQ coefficient = 2.2; −4.6 to 9.1). table 3 presents the adjusted associations between MeHg and iQ outcomes stratified into discrete categories of social strata. When limited to mothers within the high social stratum, MeHg showed an inverse association with total iQ (−4.9; −12.7 to 2.5). a deficit was observed for performance iQ in children (n = 290) whose mothers had only a moderate intake of n-3 fatty acid from seafood during pregnancy (coefficient = −13.5; −24.7 to −2.2) and P value for interaction = 0.04. a total of 40 of 236 SnPs showed crude associations with the exposure or outcome (nominal P values ≤0.05), although none of them remained significant after false discovery rate correction (see table S1, http://links.lww.com/eDe/ a692). Of the 40 SnPs shown in table S1 (http://links.lww. com/eDe/a692), four presented in table 4, showed nominal interaction P values <0.10 in the multivariate models. thus, transferrin (TF) rs3811647 was associated with Hg concentrations (table 4) and the other three (paraoxonase 1 [PON1] rs662, brain-derived neurotrophic factor [BDNF] rs2049046, and progesterone receptor [PGR] rs1042838) with WiSc-iii total iQ (see table S1, http://links.lww.com/eDe/a692). the minor allelic frequencies for these four SnPs ranged from 0.16 to 0.34 (see table S1, http://links.lww.com/eDe/a692). table 5 shows the estimated change in WiSc-iii outcomes associated with a 10-fold increase in MeHg exposure stratified by SnP allelic variants and the P values for the interaction terms. the strata with minor allelic variants tended to show negative coefficients, whereas positive associations remained between exposure and outcomes for wild-type subjects. Verbal outcome was strongly associated with MeHg exposure when the model was stratified by PGR SnP variants, and performance iQ showed the same pattern when stratified for the other SnP variants. the multiplicative model was applied for TF and BDNF SnPs, and in both cases, an adverse gradient of the MeHg estimates was observed for the minor allele. the other two SnPs fitted only a dominant model due to their low minor allele frequencies. none of the nominal P values for interaction passed the formal Bonferroni threshold of 0.0012. in this population, a total of 175 subjects (21%) had at least four minor alleles in the four SnPs.
the combined minor alleles showed uniform MeHg negative associations with the iQ outcomes. For example, the group of children with 4 + SnP minor alleles (n = 175) showed a total iQ coefficient = −10.6, −22.0 to 0.8, and P value for interaction (n = 843) = 0.002. a similar result was observed in relation to performance iQ (P value for interaction = 0.0001). additionally adjusted for estimated ω-3 intake (from "seafood" to "omega-3 intake"), healthy component of the diet during pregnancy, and estimated child processed component of the diet at age of 8 years.
DISCUSSION
in this subgroup within the alSPac prospective cohort study, higher MeHg exposures were associated with seafood intake during pregnancy, healthy nutritional habits in general, and socially advantageous strata. in crude analyses, MeHg exposure was not associated with any detectable iQ deficit at age 8 years, even after adjusting for available parameters that reflected the beneficial development. Within more uniform subgroups, mothers belonging to higher social strata showed wider exposure ranges, with an inverse association between MeHg exposure and performance iQ. Because of the wider variability and greater average MeHg exposure, and perhaps less residual negative confounding, a possible neurotoxic effect became apparent in this subgroup.
to identify possible causes of genetic predisposition to MeHg neurotoxicity, we examined SnPs from 66 genes selected a priori for possible gene-MeHg interactions. Four SnPs (rs2049046, rs662, rs3811647, and rs1042838) functionally related to the BDNF, PON1, TF, and PGR genes appeared to modify the MeHg outcome associations toward iQ deficits among children with the minor alleles.
a number of epidemiological studies on adverse neurotoxic effects in children prenatally exposed to MeHg have been carried out during recent years. 1-5 the majority of the publications describe impairments in a wide range of neuropsychological functions assessed, including iQ scores. the biological samples used to measure the exposure were often based on maternal hair, but cord blood seems to show greater precision as risk indicator for MeHg neurotoxicity, 1 possibly related to the better precision of this exposure biomarker. 15 Based on the close correlation between Hg concentrations in cord blood and (dry) cord tissue, 15 the average exposure level in this study corresponds to a cord blood Hg concentration of 2.75 µg/l, one of the lowest reported so far in a populationbased birth cohort. 1 a previous study in this cohort measured Hg levels in more than 1000 samples of umbilical cords. no association with 18-month neurodevelopment was found, 11 whereas moderate fish intake during pregnancy was positively associated with the outcome. 11, 24 the sample of cord tissue for Hg analysis was less informative, as the umbilical cord analyses were based on the sample wet weight, which is less precise than dry weight. 11, 14 in the Faroes birth cohort, Hg concentrations in dry weight cord tissue (geometric mean, 0.21 µg/g) and cord blood (22.3 µg/l) suggested average exposures about eight times higher than in alSPac. 1, 15 comparably low exposure levels have been studied in the United States and 0.0013 all multivariate linear regression models adjusted for: sex, age and examiner, parental education level, maternal age, parity and house ownership status, estimated ω-3 intake (from "seafood" to "omega-3 intake") and healthy component of the diet during pregnancy, and estimated child processed component of the diet at age of 8 years. the exclusion of parental education did not change the results (data not shown). Poland, where MeHg neurotoxicity was apparent, especially after adjustment for beneficial nutrients. 1, 26, 27 especially at low MeHg exposures, associations between seafood intakes and MeHg exposure levels may be severely confounded, 1 and adjustments in statistical analyses are incomplete, at best, as precise measures of the parameters are not available. Only a small number of studies have examined the combined effects of nutrient and contaminant intakes as predictors of developmental outcomes. in the first Faroese birth cohort, adjustment for the benefits conferred by maternal fish intake during pregnancy resulted in a slightly increased effect of prenatal MeHg exposure as compared with the unadjusted results. 28 Stronger results have been reported in other studies at lower exposures. Fish and other seafood are a good source of n-3 fatty acids and other nutrients important for the development of the brain. [29] [30] [31] [32] We found a moderate correlation between MeHg and pregnancy n-3 fatty acid intakes from seafood, probably due to large differences in MeHg content between species and much variability within species, in part associated with age, size, and origin. 1 Still, there was a weak interaction between the two parameters on performance iQ. Furthermore, social determinants influencing diet and lifestyle habits may be related to MeHg exposure. a recent study in Spain (n = 2,000) found that social class was strongly and inversely related to MeHg levels in cord blood, 33 perhaps because the larger fish and crustacean species that accumulate the most MeHg are also more expensive. Our results from the United Kingdom confirmed this tendency. the higher MeHg exposure levels within top social classes could explain the stronger associations with MeHg observed in that group.
even if a beneficial parameter is adjusted for, any imprecision of this confounder may cause underestimation of the effects of MeHg toxicity. For example, crude social class or dietary questionnaire variables may poorly reflect the true confounder, and this imprecision could cause an underestimation of the adjusted Hg effect. 28 thus, when an independent variable is measured with imprecision, some of the variance may be erroneously attributed to other independent variables that are more precise. Dry weight cord Hg parameter is a fairly precise measure of absorbed MeHg, but it is also a measure of fish intake. in the regression analyses, the MeHg variable may "steal" variance from these factors, and as a result MeHg may appear less toxic than it really is. this tendency toward residual negative (or inverse) confounding is present in almost all analyses in this study. 10, 28, 34 Several candidate genetic polymorphisms were explored to assess possible MeHg neurotoxic pathways and population vulnerabilities. 6, 8 the BDNF and PON1 genes have been suggested to play a role in the neurotoxic pathways of MeHg exposure. [35] [36] [37] the BDNF protein is induced by cortical neurons and regulates survival of striatal neurons in the brain. 38 Several experimental (in vitro and in vivo) and human studies have suggested that BDNF may exacerbate MeHg-induced cell death by decreasing the BDNF gene expression. 37, 39 Sexrelated differences in cord serum BDNF concentrations were observed in relation to prenatal exposure to MeHg in a Faroese cohort. 37 Moreover, the present BDNF SnP (rs2049046) has also been used to investigate whether its allelic variants are associated with mental health outcomes such as attention deficit hyperactivity disorder, autism, obsessive-compulsive disorder, and migraine. [40] [41] [42] PON1 codes for an enzyme that inhibits oxidation of lipoproteins through hydrolysis of lipid all multivariate linear regression models adjusted for: sex, age and examiner, parental education level, maternal age, social class, parity and house ownership status, estimated ω-3 intake (from "seafood" to "omega-3 intake") and healthy component of the diet during pregnancy, and estimated child processed component of the diet at age of 8 years. peroxides. Such oxidative damage can be induced by MeHg. 35 in a study of 896 inuit adults, SnP rs662 was related to PON1 activity, with an additive dose response, but no interaction with MeHg concentration levels was reported. 36 in the present study, children with minor allele variants of BDNF and PON1 SnPs showed stronger MeHg adverse effects, particularly in regard to performance iQ. although a multiplicative model was tested for the BDNF SnP, a dominant model was used for the PON1 SnP due to a low number of subjects with the minor allele.
two studies of human TF SnP (rs3811647) reported an association with serum ferritin and transferrin levels, additively by each of the a alleles. 43, 44 the present results show an a allele interaction with MeHg neurotoxicity in the multiplicative model. toxic metals are thought to enter the brain via the transferrin receptor, thus following the mechanism of iron uptake. a neurotoxic effect could be due to an increased level of exposure passing the blood-brain barrier. 45 Finally, the PGR SnP (rs1042838) showed an interaction as well, the t allelic carriers being more vulnerable to the exposure. the so-called the PrOginS variant carrier genotype has been associated with higher migraine and vertigo problems, 46 and progesterone is being investigated in regard to its protective effects against various types of brain damage. 47 Despite the biological plausibility of the SnP-MeHg interactions observed here and the consistency between individual SnP models, the nominal P values did not pass Bonferroni-corrected criteria. a false discovery therefore cannot be ruled out; a replication of these findings in another population will be desirable to determine if these associations are real. Still, the importance of possible genetic predisposition is illustrated by the fact that 21% of the subjects had at least four minor alleles in the four SnPs identified; this subgroup showed MeHg-associated iQ deficits with low P values for interaction close to or below the Bonferroni threshold.
although crude analyses suggest that prenatal exposure to MeHg at low levels is not associated with cognitive deficits at age 8 years, stratified analyses by high socioeconomic positions suggest the presence of neurotoxic effects that may have been hidden by greater residual negative confounding in the cohort at large. likewise, children with minor allelic variants for four relevant genes, BDNF, PON1, TF, and PGR, tended to show stronger inverse associations in the anticipated direction. Subjects with the major alleles continued to show an apparent beneficial effect of MeHg exposure as a likely indication of residual negative confounding. thus, the possible presence of genetic predisposition to MeHg neurotoxicity suggests that average effects may vary among populations with varying degrees of susceptibility and that risk assessment should focus on the vulnerable subgroups. the detailed impact of such genetic predisposition requires replication in other population-based studies.
